Polyhydroxylated, water soluble, fullerenol C 60 (OH) 24 nano particles (FNP) in vitro and in vivo models, showed an expressive biological activity. The goal of this work was to investigate the potential protective effects of orally applied FNP on rats after a single dose of doxorubicin (DOX) (8 mg/kg (i.p.)) 6 h after the last application of FNP. After the last drug administration, the rats were sacrificed, and the blood and tissues were taken for the analysis. Biochemical and pathological results obtained in this study indicate that fullerenol (FNP), in H 2 O:dimethyl sulfoxide (DMSO) (80:20, w/w) solution given orally in final doses of 10, 14.4, and 21.2 mg/kg, three days successively, has the protective (hepatoprotective and nephroprotective) effect against doxorubicin-induced cytotoxicity via its antioxidant properties.
Doxorubicin (DOX) is an anthracycline antibiotic, one of the most effective and commonly used antineoplastic agents, with a very wide spectrum of antitumor efficacy [1] . One major mechanism underlying the antineoplastic action of DOX concerns its ability to intercalate into the DNA helix and/or bind covalently to proteins involved in DNA replication and transcription (topoisomerase II) [2] . DOX can also interact with mitochondria and bind to cardiolipin blocking the binding of mitochondrial creatine kinase to mitochondrial membranes [3] . Additionally, the increase in DOX redox cycling by complex I of the mitochondrial respiratory chain leads to an increase in reactive oxygen species (ROS) production. These DOX derivates react with oxygen and form superoxide radicals and/or DOX reacts with iron generating H 2 O 2 [4] . The mechanism of DOX-induced cardiotoxicity also includes expression of nitric oxid syntheses, changes in calcium homeostasis and alteration of molecular signalling [5, 6] . All these interactions lead ultimately to cell death.
The clinical usefulness of DOX is restricted, due to several acute and chronic side effects, especially a dose--dependent myocardial injury, which can cause congestive heart failure. This anticancer drug also affects other organs like the brain, kidneys, liver and skeletal muscles [7, 8] .
Several attempts have been made to attenuate DOX side effects, including dosage optimization, combined therapy with antioxidants and/or compounds with antiapoptotic activity, development of efficient delivery systems, as well as synthesis and use of analogues [9] .
Fullerens are closed spherical molecules, shaped like a soccer ball and made entirely of carbon atoms. Functionalized fullerenes are one of the many different classes of compounds that are currently being investigated in the rapidly emerging field of nanoscience, especially nanomedicine [10] [11] [12] . Chemical modification of fullerenes, C 60 , into water soluble polyhydroxylated nanoclusters, make them interesting for biological research. The results of latter research in this area suggest that the predominant forms of fullerenol in aqueous environment are clusters with a mean size of 100 nm. The size evolution of fullerenol clusters is dynamic and is sensitive to changes in environmental conditions like pH and temperature [13] .
Fullerenols, C 60 (OH) n , polyhydroxylated derivatives of fullerene C 60 , are being extensively investigated because of their great potential as antioxidants. Especially, FNP, administered intraperitoneally or intravenous, in vitro and in vivo models, showed an expressive biological activity. FNP might act as antioxidative [14] , cell protective [15] , radioprotective [16] , and geno-protective agent [17] , cardio and hepato-protector in doxorubicin-induced stress in vivo mo dels [18] . In current literature there are no available data on the effects of orally applied fullerenol.
Yin et al. have found that molecular as much as supramolecular properties of watersoluble derivatives of fullerenol, involving aggregation into nanoparticles/nanostructures, have a significant impact on their biological activities. In addition, size may influence the distribution of nanoparticles in cells and in tissues [19] .
The results of Jing-Ying et al. [20] showed that pretreatment with fullerenol (C 60 (OH) x , x: 3-24) could protect tissues against CCl 4 -induced oxidative stress in rats by improving the antioxidant ability. Our recent experiments indicate that oral application of FNP (10.0, 14.4 and 21.2 mg/kg) 60 min before i.p. administration of CCl 4 (0.5 ml/kg) did not have significant influence on serum activity of alanine aminotransferase and aspartate aminotransferase, as well as the concentration of blood urea and creatinine. The histological studies of the heart and liver indicated that they were not damaged by CCl 4 (unpublished data).
The scope of this experiment was to investigate the potential protective effects of orally applied FNP (dissolved in NaCl (0.9%):DMSO (80:20 w/w) solution) in rats after a single dose of intraperitoneal application of DOX.
MATERIALS AND METHODS

Chemicals and reagents
Fullerenol (C 60 (OH) 24 ) was synthesized and characterized from polybromine derivative C 60 Br 24 that was synthesized in a reaction of C 60 in Br 2 with FeBr 3 as the catalyst [21] . Fifty (50) mg of C 60 Br 24 was mixed in 5 cm 3 of NaOH (pH 10) for 2 h at room temperature. After the reaction was completed the solvent was evaporated at 40 °C, and the mixture was rinsed five times with 10 cm 3 portions of 80% ethanol. Water solution (20 ml) of fullerenol with residual amounts of NaOH and NaBr was applied to the top of the combined ion exchange resin (20 g DOWEX MB50 QC121815 R1) and eluted with demineralized water until discoloration. The water solution of fullerenol (pH 7) was evaporated under low pressure; and a dark brown powder substance left. Fullerenol as dissolved in a sterilized and apyrogenic NaCl These parameters corresponds to DLS measuring of fullerenol nanoparticles in H 2 O:DMSO (80:20 w/w) solution. Change of FNP dimensions and particle size distribution in H 2 O:DMSO (80:20 w/w) solution did not occur after addition of serum 120 min later at 25 °C or after temperature variation at 37 °C. A multimode quadrex SPM with Nanoscope IIIe controller (Veeco Instruments, Inc.), operated under ambient conditions, was used in this work. Surface topography and phase images were simultaneously acquired by standard AFM tapping mode using a commercial NanoScience-Team Nanotec GmbH SNC (Solid Nitride Cone) AFM probe, with the tip radius lower than 10 nm. The used surface is highly orientated pyrolytic graphite (HOPG). Figure 1 shows tapping images of large particle of fullerenol in H 2 O:DMSO (80:20 w/w) solution.
The large particle about 95 nm consist of a few (5−7) smaller particles with the size of about 25 nm. Particles had nearly spherical shape as can be seen in Figure 1d . The peak-to-valley measurements showed that maximum peak height was at about 4.5 nm and smaller peaks were at the 2.0, 2.5. 3.5 2 nm (Figure 1c) . DOX (Adriablastina®) for i.v. administration was obtained from Pharmacia & Upjohn (Milan, Italy).
The solution for the i.p. application was dissolved in a sterilized and apyrogenic 0.9% NaCl solution (2 mg/ml) inside a laminar flow cabin immediately before use.
Animals models
Male Wistar rats (Military Medical Academy, Belgrade, Serbia) were obtained at 7 weeks of age, quarantined and housed 3 per cage at a 22-23 °C room temperature, 55±10% humidity and a 12 h light/dark cycle. They had free access to a standard laboratory diet and water. All experiments were conducted in accordance with the European Convention for the protection of vertebrate animals used for experimental and other scientific purposes (ETS 123).
Statistical analysis
The data were analyzed using analysis of variance (ANOVA) factorial experiment. Comparison of mean values of measured parameters was performed by Duncan's multiple range test, for the level of significance p < 0.05. The results are shown graphically. For each analyzed parameter is given the least significant difference, LSD. Values for each treatment that are marked in the tables with the same letter are not significantly different for p<0.05 level of significance. The highest value is indicated by the letter "a", then the values decrease in alphabetical order. The graph shows the standard deviation for each treatment.
Experimental design
Untreated control group were treated (o.a.) three days successively with saline only. Tree groups of animals were treated (o.a.) three days successively with FNP in H 2 O:DMSO (80:20 w/w) solution in dose of: 10, 14.4 and 21.2 mg/kg, respectively. One group of animals were treated (i.p.) with DOX in a single dose of 8 mg/kg. Protected group of rats were treated (o.a.) three days successively with FNP in H 2 O:DMSO (80:20 w/w) solution in dose of 10 mg/kg, and after 6 h of last dose were treated with (i.p.) DOX 8 mg/kg. All animals were sacrificed after 48 h by urethane anesthesia.
The animals were randomly divided into six groups for six animals per group (Table 2) .
I -oral application of 0.9% NaCl solution three days successively (control group); V -FNP/DOX group -rats received FNP (o.a.) 10 mg/kg, 30 min before DOX 8 mg/kg (i.p.), three days successively; 6 h after the last FNP application, rats receive DOX 8 mg/kg (i.p.), at once (protected group), VI -DOX group -rats received DOX 8 mg/kg (i.p.), at once.
Body weight and coefficient of liver weight
The coefficient of heart and liver to body weight was calculated as the ratio of organ tissues (wet weight, mg) to body weight (g). During autopsy, the hearts and livers were excised and weighed. Samples of every heart and liver were fixed in 10% buffered formalin for histological analysis. All tissue samples were embedded in paraffin. Sections (3 µm in thickness) of the embedded tissue were stained with hematoxylin-eosin and periodic acid schiff (PAS) for light microscopy observations, as it was done in previous research [22] .
During treatment period, the body weight of each rat was checked. After sacrifice, the body weight was measured and various tissues/organs were collected. Table 3 shows body weight and the coefficients of liver expressed as mg (wet weight of tissues)/g (dead body weight).
Biochemical analysis
Blood for analysis was taken via heart puncture after opening the thoracic region. Serum was used for analysis of enzymatic activity (ALT and AST) and for analysis of urea blood level. All analyses were done in accordance with previously used protocols [23, 24] . Each kidney and liver was removed from the sacrificed animals and placed into an ice-cold solution. The adipose tissues were trimmed off. Each organ was minced and homogenized in a Tris-buffer solution (pH 7.4; organ:buffer, 1:10, w/w). MDA determination in liver and kidney tissues were analyzed according to the protocol [23] .
AFM Analysis
Multimode quadrex SPM with Nanoscope IIIe controller (Veeco Instruments, Inc.), operated under ambient conditions was used in this work. Surface topography and phase images were simultaneously acquired by standard AFM tapping mode using a commercial NanoScience-Team Nanotec GmbH SNC (Solid Nitride Cone) AFM probe, with the tip radius lower than 10 nm. Used surface is HOPG.
RESULTS
The final body weights of the FNP/DOX and DOX treated animals (V and VI group) were less when compared to the untreated control group of rats. For all groups measured in comparison to the untreated control group (I), the coefficient is not significantly different except for the FNP (oral application in dose of 21.2 mg/kg) and for the treated group (IV) (Figure 2) . Rats received i.p. DOX (VI) in a single dose had significantly higher levels of serum ALT compared with all other groups. Animals from the group protected by a three-day oral application of FNP (V) and from operating control group (orally administrated FNP, group II) had ALT levels comparable to the control group that received saline only (I) (Figure 3) . Levels of AST in serum did not change significantly in all examined groups of animals ( Figure 4) . The significant increase of urea serum levels was measured in the group that received i.p. DOX in a single dose (VI), while the values of urea concentration in protected group FNP/DOX (V) and operating control group FNP (II) was comparable to the control group of animals treated only with saline (I) ( Figure 5 ).
It was evident that there was a significant increase of MDA level in the liver of rats received i.p. DOX in a single dose(VI). MDA levels in protected group FNP/ /DOX (V) and operating control group FNP (II) was comparable to the control group animals who received saline only (I) (Figure 6 ).
The significant increase in kidney MDA level was obtained in the group that received i.p. DOX in a single dose (VI), and also in protected group FNP/DOX (V), although the MDA level in the protected group was less than in DOX-treated group (Figure 7) . MDA level in operating control group FNP (II) was comparable to the control group of animals who received saline orally (I).
DISCUSSION
The analyses of ALT serum level in animals that were treated with i.p. DOX in a single dose showed a significant increase compared with values obtained for all other treated groups of animals ( Figure 3 ). Group protected from acute toxicity of DOX with three days successively oral application of FNP, and the other groups of animals that also received orally FNP for three days, had ALT levels comparable with the control group. These results indicate a hepatoprotective action of orally inoculated FNP which is in compliance with the published data of i.p. application of FNP [18, 22, 24, 25] .
The AST serum levels in animals that received i.p. DOX, only, was correlated with the control group AST level (Figure 4) . AST values in group protected from acute DOX toxicity with o.a. of FNP as well as the group of animals that received only FNP orally for three days had lower AST levels compared with control group. Very high levels of AST in serum of control animals group may be the consenquence of stress during the manipulation of animals or the error in experimental analysis. Obtained values indicate that the three day oral pretreatment with FNP had a hepatoprotective effect from acute toxicity caused by single i.p. dose of DOX.
The significantly higher values of urea in rats serum were measured in the group of animals treated with i.p. DOX in a single dose compared with control group ( Figure 5 ). The animals protected from DOX acute toxicity with oral application of FNP for three days and the group of animals received FNP dose orally, also for three days, had the same urea levels as the control group. Obtained values indicate nontoxic and nephroprotective effects of orally administrated FNP (in the final dose of 10 mg/kg) from acute i.p. DOX application (in the final dose of 8 mg/kg). The results are in accordance with previously published data regarding nephroprotective action of i.p. applied FNP [23] .
Liver damage caused by i.p. application of DOX in a single dose of 8 mg/kg was manifested two days after treatement as a significant increase of liver MDA levels compared with control animals group ( Figure 6) . MDA values in liver tissue of animals pretreated for three days with oral application of FNP were significantly reduced compared with previosly mentioned DOX group (VI) and were in correlation with control (I). Oral administration of FNP for three days in dose of 10 mg/kg did not cause any toxic effect on liver and had a protective role against DOX applied i.p.in a single dose of 8 mg/kg. These MDA level measurements suggest hepatoprotective action of orally applied FNP from acute DOX toxicity and are compatible with data about hepatoprotective effect of i.p. and i.v. administrated FNP.
Single dose application of DOX increases twice the level of kidney MDA compared with control ( Figure 7 ). Oral pretreatment with FNP decreased MDA level in comparison with a group of animals treated only with DOX. The MDA values in rats that received oral dose of FNP for three days were in correlation with MDA levels of control group. Orally applied FNP (for three days in dose of 10 mg/kg) did not cause any toxic effect on kidney and showed a protective role against i.p. cytotoxicity induced by DOX applied i.p. (in a single dose of 8 mg/kg). Obtained results indicate nephroprotective effect of o.a. FNP and are also consistent with the protective action of i.p. administrated FNP against nephropathy [23, 26] . These data show better hepatoprotection than nephroprotection from acute DOX toxicity as a result of antioxidative action of oral pretreatement with FNP for three days.
Oral application of FNP for three days in final doses of 10, 14.4 and 21.2 mg/kg did not cause any visible pathological changes in tissues of kidney, liver and small intestine. There was no evidence of pathological changes in the intestinal mucosa. Single-layer cylindrical epithelium was completely preserved without any inflammatory changes in the lamina propria (mucous membrane) in all examined tissue samples. Pathological changes of renal parenchyma were not observed in any analyzed group. Examined cortical structures had preserved glomerulus as well as proximal and distal tubules. Medullary collecting ducts also had normal lumen with no content. Pathohistological analyses of samples from the sixth (VI) group showed hepatocytes characterized by fine-grained cytoplasm, as an indication of developed parenchymatous degeneration, initial but also reversible pathological process. Liver preparations of groups II-V indicated the absolute preservation of parenchyma, hepatocytes had normal morphology, without present forms of parenchymatous degeneration, which is consistent with the control group. 
